A study on the treatment of Kraft pulp mill effluent by ozonation alone, and by combined treatment of ozonation preceded by chemical coagulation, activated carbon adsorption or membrane filtration has been conducted. Initial effluent pH was a major factor deciding the treatment efficiency. When ozonation was conducted alone, more than 70% reduction of color and phenolic compounds could be achieved at pH 3. When ozonation was preceded by chemical coagulation or powdered activated carbon adsorption, more than 90% reduction of phenolic compounds could be achieved at similarly low pH. However powdered activated carbon followed by ozonation reduces phenolic compounds by 72% even without pH adjustment (pH 10).
INTRODUCTION
Kraft pulp making is a common chemical pulping method, in which wood fiber is cooked in a solution of NaOH and Na 2 S to separate fiber from lignin. It has key merits over other pulping processes: Pulp produced by Kraft process is stronger than those made by other pulping processes. Other acidic sulfite pulping processes degrade cellulose, leading to weaker fiber. On the other hand, Kraft pulping removes most of the original lignin present in wood. In contrast, mechanical pulping processes leave most of the lignin in fiber. This lignin interferes with the formation of hydrogen bonds between fiber cellulose needed for paper strength.
Nevertheless, how to deal with the risk of air and water pollution caused by Kraft pulp mills has caused considerable concern in environmental as well as industrial circles. Most importantly, delignification of chemical pulp releases considerable amounts of organic material into water bodies, such as rivers and lakes. This effluent, known as Kraft black liquor, can be a major source of pollution as it would contain lignin and their derivatives, organic chlorides, dioxins, benzophenols etc. If released without proper treatment, these refractory compounds contribute to water pollution and destabilize the eco-system of receiving environment. On the other hand, these pollutants can be carcinogenic due to chlorinated lignin and chlorinated phenols that are formed along the process (Ramos, 2009 ).
Conventional procedures to treat these effluents involve physical and biological techniques with no complete degradation of the recalcitrant organic matter (Yeber, 1999) . Therefore it is required to find out alternative treatment mechanisms, which enable the release of effluent to the environment or the reuse of effluent at some point along the same process. The treatment techniques which have been experimented during this study are ozonation, chemical coagulation-flocculation, activated carbon adsorption and membrane filtration. According to the literature each of these techniques are capable of removing different compounds from effluent. Therefore the application of two or more such treatment techniques has a higher capability for removing a variety of compounds. Hence the combination of these techniques is another option to treat Kraft pulp mill effluent which contains several compounds.
Ozone is a powerful oxidant capable of oxidatively degrading many organic compounds. Once dissolved in water, ozone reacts with pollutant compounds in two ways: direct reaction of molecular ozone or indirect reaction through formation of secondary oxidants (Fontanier, 2006) . Several researchers have carried out work on the use of ozone for treatment of pulp and paper industry wastewater (Freire, 2000; Yamamoto, 2001; Kreetachat, 2007) as well as model compounds (Turhan, 2008; Qu, 2007; Carbajo, 2007) .
Chemical coagulation-flocculation is a frequently applied process in primary purification of industrial wastewater, and in some cases for secondary and tertiary treatment (Renault, 2009) . It is a probed technique for treatment of high suspended solids wastewater, especially those formed by colloid matters. Coagulation is mainly induced by inorganic metal salts, such as aluminium and ferric sulphates and chlorides. Polyelectrolytes of various structures, such as polyacrylamides, chitosan, polysaccharides and polyvinyl, are used as flocculants to enhance formation of a larger floc in order to improve the rate of sedimentation (Ahmad, 2008) . In the case of pulp and paper industry, wastewater treatment by coagulation-flocculation is carried out as a tertiary treatment and not commonly adopted in primary treatment (Pokhrel, 2004) . Extensive research work has been carried out on coagulation-flocculation, alone and in combination with different methods, in treating pulp and paper mill effluent (Ramos, 2009; Ahmad, 2008; Stephenson, 1996; Wong, 2006; Rodrigues, 2008) . These research findings show higher removal of chemical oxygen demand (COD), total organic carbon (TOC) and acute toxicity, but the treatment efficiency depends on actual operational practice and quality of treated water.
Activated carbon is one of the most important chemical adsorbents. Its large surface area, together with surface chemical structure, allows it to be used in a wide variety of industrial applications. Most common use out of all is in the removal of toxic pollutants, like phenols (Gonzalez, 2004) . Removal of phenol and phenolic derivatives using activated carbon has been carried out by several researchers (Moreno, 1995; Dąbrowski, 2005) .
Membrane filtration is used in pulp and paper industry in a variety of applications, particularly in purification and recovery of water and in recovery of raw materials and energy (Mänttäri, 2008) . This technique is found to be suitable for removing adsorbable organically bound halogens (AOX), COD, color and heavy metals from pulp and paper industry effluent (Pokhrel, 2004) .
The objective of this study is to find the optimum operational conditions for each technique mentioned above and to evaluate the suitability of combined treatment in treating Kraft pulp mill effluent. 
Effluents for the experiments were prepared by filtering the Kraft effluents with Advantec No.2 filter papers and diluting the filtered effluent 1000 times using distilled water. This low concentration solution is analogous to the residual effluent released by the manufacturing process, and is not having enough organic or chemical compounds for chemical or energy recovery.
Sample pH values were adjusted using small volumes of concentrated H 2 SO 4 .
UV/Vis spectrophotometer (Hitachi U-2810) was used to measure and monitor the UV/Vis absorption spectra of the effluent. Measurements were obtained at wavelengths of 465nm and 280nm to monitor the removal efficiency. These wavelengths correspond to different properties of wastewater; 465nm corresponds to color causing compounds mainly due to lignin (Shawwa, 2001 ) and 280nm is related to aromatic groups like phenols, which are usually present in these kinds of effluents (Rodrigues, 2008) .
Every experiment was done in triplicate. Average values are plotted in the figures with the standard deviations.
Ozonation: Ozonizer OZM 5006 (Nomura Electronics Co. Ltd., Japan) with a flow rate of 0.2g/m 3 (76 mg/hr) was used as the ozone generator.
Ozonation was performed in a reactor with a capacity of 250mL. Initial effluent pH values were adjusted to 3, 5, 7 and 10. The ozone stream was continuously introduced to 225mL of the sample as bubbles through a glass filter at the bottom of the reactor. Effluent samples were ozonated for 3hrs.
Coagulation-flocculation:
Coagulation-flocculation experiments were conducted using different chemical combinations, and at different dosages and initial effluent pH levels. The experiments were performed in jars, using sample volumes of 200mL. After pH adjustment, coagulant was added at varying dosage. It was then followed by the addition of flocculant at varying dosage. All the samples were immediately stirred rapidly for 30sec. They were then stirred slowly for another 5min and allowed to settle for 2hrs.
PAC adsorption: PAC treatment experiments were conducted using different doses of PAC (0.05, 0.1, 0.5 and 1g/L) at different initial effluent pH levels (2, 4, 5, 7 and 10). Then PAC was introduced to those samples. All the samples were immediately stirred for 30min and allowed to settle for 1hr. Samples were filtered using 5C filter paper before analysis or secondary ozonation experiments.
Membrane filtration: 10% strong effluent samples were prepared by diluting Kraft pulp mill effluent in distilled water. Sample pH was adjusted to different levels (4, 7 and 10). 100mL samples were filled into cellulose membrane sacks. The sacks were kept dipped in 1000mL distilled water baths for 24hrs and removed. Samples for ozonation were taken from the water bath, which contained effluent molecules passed through the membrane.
Chemical coagulation at optimum condition and ozonation of supernatant: Experiments were conducted aiming at evaluating the appropriateness of ozonation after coagulation-flocculation. Coagulation-flocculation was done in the method described above for 500mL of diluted effluent. The chemical combination having maximum removal efficiency, namely 0.1g/L AlCl 3 .2H 2 O and 0.05g/L PAM, were used at pH 5. Samples were allowed to settle for 2hrs and the supernatant was carefully separated and ozonated for 3hrs.
PAC adsorption at optimum condition and ozonation of supernatant: 500mL of effluent was treated with the optimum PAC dosage (0.5g/L) determined previously. The samples were allowed to settle for 1hr and filtered using 5C filter papers. The filtrant was then ozonated for 3hrs.
Filtration through cellulose membrane and ozonation of filtrant: Filtration experiments were conducted as mentioned above and samples for ozonation were taken from the water bath. Ozonation was performed for 3hrs.
RESULTS AND DISCUSSION
Ozonation: Figure 1 and Figure 2 show the reduction percentages of the two parameters -color and phenolic compounds -during ozonation for different initial effluent pH levels. As per the figures, both parameters had a higher reduction percentage for low initial pH during ozonation time. The maximum reduction percentages of phenolic compounds after 3hrs of ozonation was 70% and the minimum was 52% corresponding to initial pH levels of 3 and 10, respectively. This indicates that ozonation is more effective at acidic pH and is in agreement with published results (Boncz, 1997) . According to the observations, rate of decolorization and decomposition of phenolic compounds are initially high. After the first hour, the reduction percentages increase at slower rates, showing a tendency of saturation. The decolorization and decomposition of phenolic compounds can be approximated to be exhibiting two distinct behaviors:
(1) during the first hour, where rate of reduction percentage is high, (2) after the first hour, where rate of reduction percentage is low. The higher initial rate of reduction is due to the higher reactivity of ozone with relatively fragile compounds in effluent. Less availability of easily oxidizable structures makes further ozonation sluggish (Kreetachat, 2007) .
Coagulation-flocculation:
Settling characteristics of color and phenolic compounds for different chemical combinations are shown in Figure 3 and Figure 4 . Chemical dosages indicated therein are the ones that gave maximum reduction percentages in the preliminary experiments. However, a majority of compounds settled down during the first hour and a very little removal took place after that. Therefore, one hour settling time was recommended to ensure the removal of more than 80% of color and phenolic compounds from the Kraft pulp mill effluent when coagulant and the flocculant are used together.
The optimum pH level for chemical treatment existed between 4 and 5. In coagulation process, the aggregation of colloidal particles occurs through charge neutralization and sweep-floc effects, and the pH range of 4.0-5.5 is appropriate for charge neutralization between positively charged coagulant and negatively charged colloids (Wang, 2007) .
PAC adsorption: Figure 5 shows reduction percentages of color and phenolic compounds with varying PAC dose at the same initial pH (around 10). Increasing adsorbent dosage in general had a positive impact on the reduction percentage of phenolic compounds. By increasing the adsorbent dosage from 0.1g/L to 0.5g/L, the percentage of phenolic compounds removed increased from 18% to 32%. However, a further increase of adsorbent to 1g/L only removed 35%, indicating a negligible increase of phenolic compound removal at higher adsorbent dosages. On the other hand, percentage of decolorization increased with increasing adsorbent dosage only up to a certain limit. Any further increase of adsorbent rather increases effluent color due to the excess adsorbent remaining in the suspension. Usually, higher PAC dosages result in higher adsorption owing to the increase of surface area (Temmink, 2005) , however at pH 10 excess adsorbent in the suspension seems to make further increase of adsorbent dosage ineffective. Considering the reduction of both color and phenolic compounds, 0.5g/L PAC was taken as the optimum dose for treatment. Figure 6 shows the effect of initial pH level on reduction of color and phenolic compounds when the optimum dose, 0.5g/L of PAC was used. There was a significant difference between the reduction of pollutants at acidic and basic pH levels. Reduction percentages of phenolic compounds at pH 2 and 10 were 93% and 32%, respectively. The pH level of solution is a major factor that influences the adsorption capacity of compounds. The strong heterogeneity of activated carbon surface stems from two characteristics, known as geometrical and chemical ones. Geometrical heterogeneity is associated with the differences in size and shape of pores, cracks, pits and steps of the surface. Chemical heterogeneity is related with different functional groups, mainly oxygen groups that are located most frequently at the edges of turbostratic crystallites, as also with various surface impurities. In the case of liquid adsorption on solids, the role of surface functionalities becomes significantly prominent relative to the pore size, and in many cases dominates (Dąbrowski, 2005) . At higher pH levels, the phenols dissociate and phenolate anions are formed, whereas surface functional groups may either be neutral or negatively charged. The electrostatic repulsion between like charges lowers adsorption capacities. At lower pH levels, the functional groups on carbon surface are in protonated form and high electronic density on solute molecules would lead to higher adsorption (Singh, 2008) . Reduction of phenolic compounds by coagulation-flocculation followed by ozonation was 93%, out of which coagulation-flocculation accounts for 83% and 10% was due to ozonation. During coagulation-flocculation and settling, the high molecular-weight organic compounds end up in the sediment. The low molecular-weight compounds that remain in supernatant are further oxidized during ozonation (Stephenson, 1996) , leading to higher reduction of phenolic compounds.
However, no significant color reduction was observed after ozonation. It can be assumed that higher molecular weight compounds settled during coagulation-flocculation mainly contribute to the color of the solution. Hence there was little color reduction due to oxidation of smaller molecular weight compounds by subsequent ozonation.
PAC adsorption at optimum condition and ozonation of supernatant: Reduction of color and phenolic compounds at different initial pH by PAC adsorption alone and PAC adsorption followed by ozonation are given in Figure 8 and Figure 9 , respectively. At initial pH 2, the reduction percentage of phenolic compounds by PAC adsorption was 93%, whereas combined treatment made it 95%. However at initial pH 10, the reduction percentage of phenolic compounds by PAC adsorption and combined treatment were 30% and 72%, respectively. These results can be interpreted as follows: Activated carbon possesses high adsorption capability for relatively low molecular-weight organic compounds, such as phenols (Dąbrowski, 2005) . Therefore, PAC adsorption targets relatively low molecular-weight phenolic compounds in the effluent. Subsequent ozonation oxidizes the remaining phenolic compounds. Ozonation is effective when these remaining phenolic compounds are highly available in the solution, leading to higher reduction by combined treatment for all initial pH. The same reason explains why decolorization is high in combined treatment. Therefore, combined treatment is more suitable for Kraft pulp mill effluent treatment and also gives flexibility in determining whether initial pH change is needed.
Filtration through cellulose membrane and ozonation of filtrant: Figure 10 and Figure 11 show reduction percentages of color and phenolic compounds by ozonation and combined treatment at different pH levels. As described previously, ozonation of filtered effluent also has a higher efficiency at low initial pH. According to Figure 12 , reduction of color by ozonation, with and without filtration, follow different forms. When the filtered solution was ozonated, its color faded rapidly during the initial 30min and only a slight change took place after that. Filter membrane of 1000MWCO retained organic molecules of 1000Da or higher. As a result, the effluent used for ozonation contains only smaller molecules that could pass through the extremely small pores in the membrane. These smaller molecules were oxidized rapidly by initial ozonation, and resultant unavailability made further ozonation less effective. In contrast, unfiltered effluent contained all sizes of molecules and longer period of ozonation was required for higher color reduction. Also, this observation underpins the assumption made earlier that high molecular-weight compounds mainly contribute to effluent color. Figure 13 shows reduction of phenolic compounds in both filtered and raw effluents by ozonation. Both curves show the same trend, with filtered effluent having a higher reduction percentage due to higher availability of smaller molecular weight compounds that can rapidly oxidize. 
CONCLUSIONS
This study demonstrated the prospect of combined treatment processes for the removal of color and phenolic compounds in Kraft pulp mill effluent. Initial pH is a major factor affecting the treatment efficiency, with low initial pH leading to higher efficiencies. Ozonation alone reduces phenolic compounds by 70% and 52% at initial pH 3 and 10, respectively.
Higher reductions of color and phenolic compounds are achievable when chemical coagulation, PAC adsorption or membrane filtration precedes ozonation. The initial treatment improves the oxidation potential of the effluent. Application of combined treatment is preferable where large quantity of effluents, like pulp and paper mill effluents are treated with ozone.
The laboratory experiments reveal that the combined treatments also have higher efficiencies at low initial pH. The need for initial pH adjustment is supposed to be one major disadvantage of their practical application. However, the combined treatment of PAC adsorption and ozonation leads to a 72% reduction of phenolic compounds even without pH adjustment. This combination can be recommended for practical implementation, whether pH adjustment is possible or not.
Further study is necessary on disposal of chemical sludge formed, and regeneration of PAC and filter membranes.
